D
eclarative memory depends on the integrity of anatomically related structures in the medial temporal lobe (the hippocampus, dentate gyrus, and subicular complex, together with the adjacent perirhinal, entorhinal, and parahippocampal cortices). Recognition memory is one of the most widely studied examples of declarative memory and refers to the ability to judge whether an item was previously encountered. Recognition memory is thought to consist of two components: recollection and familiarity (1, 2) . Recollection involves remembering specific contextual details of a previous learning episode. Familiarity involves remembering only that an item was encountered previously but in the absence of any specific contextual details about the learning episode.
There has been considerable interest in whether recollection and familiarity might be distinguished on anatomical grounds. For example, it has been proposed that recollection depends on the hippocampus and that familiarity depends on the adjacent perirhinal cortex (3, 4) . Alternatively, it has been proposed that medial temporal lobe structures work in a cooperative and complementary way and that these structures support both recollection and familiarity (5) .
These ideas can potentially be tested in patients with circumscribed hippocampal lesions, and a number of methods have been used to assess the capacity for recollection and familiarity. In the Remember-Know procedure, individuals judge items to be old or new and then make either a Remember (R) response (if they can recollect details about their earlier encounter with the item) or a Know (K) response (if they judge the item to be familiar but cannot recollect anything about their encounter with the item).
We used this procedure to test a counterintuitive prediction that follows from the idea that the hippocampus selectively supports recollection. The prediction is that patients with bilateral lesions limited to the hippocampus should experience strong familiarity-based recognition in the absence of recollection (i.e., familiarity-based decisions made with high confidence and high accuracy) more often than controls do. The basis for this prediction is as follows. In controls, items that are learned sufficiently well to yield strong familiarity often yield recollection as well. That is, for controls, strong familiarity-based recognition in the absence of recollection is a relatively rare experience. For example, Know judgments made with high confidence (i.e., judgments indicating an experience of strong familiarity in the absence of recollection) tend to occur infrequently (6) . In contrast, if recollection is selectively impaired in patients with hippocampal lesions, they should experience strong familiarity as often as controls do, but this experience should usually occur in the absence of recollection.
This prediction means that with the Remember-Know procedure, patients should provide many strong K responses but few strong R responses. Controls, by contrast, should provide many strong R responses but few strong K responses. Specifically, because the patients should have lost the recollection component of their recognition experience, thereby converting into a K response what for controls would be an R response, they should provide more high-confidence K responses than controls do.
In the Remember-Know procedure, Know judgments typically reflect weaker memory than Remember judgments (6) (7) (8) . Accordingly, one reason that K responses might be frequent among patients with hippocampal lesions is simply because their memory is weaker than the memory of controls. However, not all Know judgments reflect weak memory. Some are made with high confidence and high accuracy (9), just as most Remember judgments are. If hippocampal lesions selectively impair recollection, the counterintuitive prediction is that Know judgments made with high confidence and high accuracy should also occur more often in amnesic patients than in controls. Because our prediction does not require a precise quantification of recollection and familiarity, it is less subject to theoretical assumptions than other studies of these constructs. Thus, the prediction holds whether recollection and familiarity are independent (i.e., uncorrelated) or dependent (i.e., correlated) processes; it holds whether or not familiarity is governed by an equal-variance signaldetection process (as in ref. 10); and it holds even if RememberKnow judgments are not process-pure indicators of recollection and familiarity.
In our study, participants studied 100 words and then took a recognition memory test (1 = definitely new, 20 = definitely old). For words declared old (ratings of [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , participants then judged whether the word was recollected (Remember), was familiar (Know), or was a guess (Guess). Then, to examine the frequency of R and K responses in each group after removing the effect of memory strength, we compared performance for items endorsed with high confidence (ratings of [17] [18] [19] [20] .
Results Fig. 1 shows the percent of responses for targets (studied words) and foils (new words) at each level of confidence on the Old/New recognition test. For both controls (Fig. 1A) and patients (Fig. 1B) , responses were well distributed across all 20 levels of confidence. Confidence ratings for targets from 11 to 20 and for foils from 1 to 10 indicate correct responses. Fig. 2 shows that the overall performance of the patients was worse than that of the controls (59.6 ± 2.6% correct vs. 77.4 ± 2.1% correct; P < 0.001). The result was the same when performance was calculated as a discriminability score (d′ = 0.68 ± 0.18 vs. 1.75 ± 0.16; P < 0.001).
We next examined performance separately for R and K responses when the two kinds of responses were matched for memory strength at a high-confidence level (ratings of [17] [18] [19] [20] . As one might expect, when high-confidence ratings were given, both groups tended to perform rather well. For R responses, patients scored 71.5 ± 7.5% correct and controls scored 89.6 ± 3.2% correct (P < 0.05). For K responses, the corresponding values were 68.7 ± 7.5% correct and 77.8 ± 5.5% correct (P = 0.4).
The fact that patients scored somewhat poorer than controls, even when confidence ratings were similar, suggests that the patients used a comparatively relaxed criterion when making their judgments. As would be expected, there were very few Guess responses associated with high-confidence ratings (patients did not indicate Guess for any of their correct responses, and controls indicated Guess for only 3.4 ± 1.7% of their correct responses).
The question of interest concerned the frequency of correct R and K responses to study words that were given with high confidence. If recollection (and remembering) were impaired in patients with hippocampal lesions, there should be a dramatic reduction in high-confidence R responses in the patient group. Fig. 3 shows that, indeed, the patients did have fewer highconfidence R responses than controls (13.0 ± 6.1 vs. 35.8 ± 5.4; P < 0.05). In addition, if recollection (and remembering) were impaired in the patients, many items that would have been given R responses by the patients (if recollection had been available to them) should now receive K responses. In that case, the number of high-confidence K responses in patients should be even higher than in controls. However, contrary to this expectation, the patients gave numerically fewer high-confidence K responses than controls (9.6 ± 2.2 vs. 15.3 ± 2.8; P > 0.10). (The same was true for the frequency of lower confidence K responses, which ranged from 11 to 16; for patients and controls: 7.0 ± 1.9 vs. 8.7 ± 2.6).
We also calculated how many high-confidence K responses would, in fact, be predicted for the patients, given their reduced capacity for Remembering ( Fig. 3 and section on data analysis in Materials and Methods). Under the assumption that recollection and high-confidence familiarity are fully dependent, the predicted number of high-confidence K responses for the patients was 38.1 ± 6.1. Under the assumption that recollection and familiarity are fully independent, the predicted number of highconfidence K responses for the patients was 19.8 ± 1.9. Contrary to these two predictions, the observed number of high-confidence K responses in the patient group was markedly lower than the predicted values (for the dependent method, P < 0.005; for the independent method, P < 0.01).
The results presented thus far provide no indication that the patients experienced an increased frequency of high-confidence familiarity-based decisions (relative to controls), as would be expected if recollection were selectively impaired in the patients. One possible way to explain this result without rejecting the idea that recollection is selectively impaired by hippocampal lesions would be to suppose that the patients (but not the controls) misunderstood the distinction between Remembering and Knowing and provided high-confidence R responses for decisions that, in fact, were based on a strong sense of familiarity; that is, many of their R responses should actually have been Know judgments. To consider this possibility, we repeated the analyses just described but first added all high-confidence R responses made by the patients to their high-confidence Know judgments (the same change was not made to the control data). When this was done, the number of (corrected) high-confidence K responses made by the patients (22.6 ± 6.5) now exceeded the number made by the controls (15.3 ± 3.0), but the difference was not significant. This corrected value for high-confidence K responses for the patients (22.6 ± 6.5) was then compared with the predicted number based on the assumptions of dependence and independence and using the formulas presented in the section on data analysis in Materials and Methods (except that the predictions were now based on the assumption that the patients provided no R responses). The predicted numbers of high-confidence K responses were now 24.8 (assuming complete independence) and 51.1 (assuming complete dependence). (Note that there is no error term for these predictions because the R response frequency for patients was set to zero; formulas are presented in section on data analysis in Materials and Methods). The recalculated number of K responses made by patients (22.6 ± 6.5) fell just below the lower of these two values. Thus, even after making the strong (and rather unrealistic) assumption that all high-confidence R responses made by the patients should be recast as high-confidence familiarity-based (Know) decisions, there was no evidence that the patients experienced high-confidence familiarity as much as they should have if familiarity had been spared and only recollection affected. Finally, it might be supposed that the patients did not exhibit a clear increase in high-confidence familiarity-based decisions because they were reluctant to express high confidence in any of their memory decisions (because they were aware of their memory impairment); that is, the patients may have had a stricter criterion for expressing high confidence than the controls. In that case, one could suppose that recollection was, in fact, selectively impaired and that the predicted increase in high-confidence familiarity-based decisions did not occur because the patients used an unusually strict criterion for making their decisions. However, as noted previously, the patients appeared to use a more relaxed criterion than controls, rather than a stricter criterion, because their high-confidence responses were less accurate than those of controls. To examine this issue further, we also looked at the relative frequency of high-confidence decisions made to the foils. A stricter criterion would be indicated if the patients had a low false-alarm rate for high-confidence responses. However, the patients actually had a somewhat higher false-alarm rate than the controls (13.0 ± 6.8% vs. 7.3 ± 2.4%), indicating, again, that the patients had a less strict criterion, rather than a more strict criterion, than the controls. Thus, the low frequency of high-confidence familiarity-based decisions exhibited by the patients was not an artifact of a strict response criterion. In short, if recollection were selectively impaired in the patients, they should have experienced an increase in high-confidence familiarity-based responses. This increase did not occur, and the fact that it did not occur cannot be attributed to a difference in response criterion between patients and controls.
Discussion
The present study tested a counterintuitive prediction about recognition memory performance after hippocampal lesions, which follows from the idea that the hippocampus supports recollection but not familiarity. We used the Remember-Know procedure to index recollection and familiarity. If hippocampal lesions selectively impair recollection, patients should provide fewer R responses than controls. In addition, and counterintuitively, patients should provide more strong K responses than controls [because a strong experience of familiarity without recollection is not a common phenomenon for controls (6) ].
Contrary to this counterintuitive prediction, the patients provided numerically fewer, rather than more, high-confidence K responses than controls (Fig. 3) . We also calculated how many high-confidence K responses would have been expected for the patients if recollection had been selectively impaired. These calculations were made in two different ways: first, under the assumption that R and K responses are dependent and, second, under the assumption that the responses are independent (Fig.  3) . The number of K responses actually produced by patients was significantly below both of these predicted values. Note that we computed the expected number of high-confidence K responses based on two extreme assumptions (complete dependence or complete independence of R and K responses). However, the actual relationship between R and K responses probably lies intermediate to these extremes.
The results were the same when it was supposed that all the R responses made by patients should have been K responses (because the patients misunderstood the distinction between Remember and Know). In addition, the low number of highconfidence K responses made by patients could not be attributed to a stricter response criterion for patients than controls (i.e., a reluctance to endorse items as old with high confidence, either with an R or K response). In fact, patients had a more relaxed criterion for giving high-confidence responses than controls did. First, their high-confidence responses were less accurate than control responses. Second, their false-alarm rate for high-confidence responses was higher than that of controls. The point is that a more relaxed criterion for the high-confidence decision criterion would increase (not decrease) the number of high-confidence responses made by patients.
A possible alternative explanation for the patients' lower accuracy and higher false-alarm rate for high-confidence decisions is that the high-confidence criterion was not more relaxed but was, instead, more variable from item to item compared with controls. However, such variability would also result in an increased number of high-confidence responses (not a decreased number). The reason for this is that the criterion for making a decision with high confidence is usually placed high on the memory strength scale, such that only a small proportion of the Gaussian lure distribution falls to the right of it. Thus, an occasional shift of the criterion in the liberal direction (i.e., to the left) would result in a substantial increase in the proportion of the target and lure distribution falling to right of it (and a correspondingly large increase in the number of high-confidence hits and false alarms). However, an occasional shift of the criterion in the conservative direction (i.e., to the right) would result in a relatively small decrease in the proportion of the target and lure distribution falling to the right of it (and a correspondingly small decrease in the number of high-confidence hits and false alarms). Averaged across trials, the net change as a result of criterion variability would be an increase in the high-confidence false-alarm rate.
The point is that a more liberal or more variable high-confidence criterion would be expected to increase (not decrease) the number of high-confidence hits compared with what would otherwise occur. However, K response frequency in the patients was considerably lower than it should have been if hippocampal damage impaired only recollection. Accordingly, insofar as the Remember-Know method indexes recollection and familiarity, it appears that hippocampal damage in our patients impaired both recollection and familiarity.
Other studies have also used the Remember-Know procedure to assess the capacity of recollection and familiarity in memoryimpaired patients with lesions that include the hippocampus (11) (12) (13) (14) (15) (16) (17) . Patients typically exhibit a markedly reduced frequency of R responses but only a modest reduction (or no reduction) in the frequency of K responses. For example, in the present report, the overall frequency of R responses in patients was reduced by 47%, whereas the overall frequency of K responses in patients was reduced by only 31%. Similarly, in our earlier studies, overall R and K response frequencies were reduced by 62% and 24%, respectively (11), or by 20% and 12%, respectively (13) .
However, the finding that K responses are less reduced in patients than R responses is not strong evidence that processes indexed by K responses are relatively preserved after hippocampal damage. A simpler explanation is that memory is weakened after hippocampal damage. As a result, the number of items that had been given K responses is reduced, but the reduction in K responses is largely compensated for by the conversion of R responses to K responses (7, 8, 11, 18) . Thus, whenever memory is weaker, one should expect to find a sharp decrease in R responses associated with only a modest decrease in K responses.
Model-based estimates of recollection and familiarity go beyond raw Remember and Know scores by using formulas to compute quantitative estimates of recollection and familiarity. The most common approach uses the Independent RememberKnow (IRK) method (6) , which assumes that recollection and familiarity are independent. The assumption of independence holds that recollected items are no more familiar, on average, than items that are not recollected. This assumption means that items given a Remember judgment would not necessarily be given a Know judgment if subjects were simply asked whether an item was familiar. Specifically, remembered items would be no more likely to yield a Know judgment than the other (nonRemember) items. In the IRK method, recollection is estimated by subtracting the Remember false-alarm rate from the Remember hit rate. Familiarity is estimated by first computing corrected Know hit rates and false-alarm rates [corrected Know hit rate equals Know hit rate/(1 − Remember hit rate); corrected Know false-alarm rate equals Know false-alarm rate/(1 − Remember false-alarm rate)]. Familiarity is then estimated either by subtracting the corrected Know false-alarm rate from the corrected Know hit rate or by computing a d′ score from the corrected Know hit rate and false-alarm rate.
Using the IRK method, several studies have suggested that familiarity is relatively spared after lesions that include the hippocampus (e.g., refs. 12 and 15-17). However, this conclusion is valid only if recollection and familiarity are, in fact, independent processes (because the IRK formulas are valid only if that assumption is true). To illustrate how assumptions about independence or dependence can dictate conclusions about the effect of hippocampal lesions, we computed familiarity estimates from patient K.N.'s data (15) . Patient K.N. has bilateral lesions of the hippocampus that appear to spare adjacent cortex. Using the IRK method, Aggleton et al. (15) reported that K.N.'s recollection was impaired but his familiarity was spared. Indeed, we confirmed this conclusion by computing d′ familiarity scores from the values reported in their table 3 (15) . The average IRK estimate of familiarity for controls (d′ = 1.28) was only slightly higher than the estimate for K.N. (d′ = 1.07).
However, the assumption of independence minimizes the difference between these two scores. Indeed, the difference in familiarity estimates for controls and K.N. increases monotonically as the positive correlation between recollection and familiarity increases from zero (the independence assumption) to 1.0 (the dependence assumption). In the case of dependence, which assumes that any item given a Remember judgment would have received a Know judgment if subjects had simply been asked to judge familiarity, the estimated d′ familiarity scores for controls and K.N. are 2.12 and 1.45, respectively. Thus, using the same data but with the assumption of dependence, the conclusion would be that familiarity was substantially impaired by hippocampal lesions.
All previous studies that have used the IRK method to conclude that hippocampal lesions spare familiarity are similarly committed to the strong assumption that recollection and familiarity are independent. However, these same studies would instead conclude that hippocampal lesions impair familiarity if one adopted the reasonable assumption that recollection and familiarity are dependent. The assumption of dependence is that items given Remember judgments would have been familiar enough to be given Know judgments had subjects been asked to base their decision on familiarity alone.
Instead of relying on model-based estimates of familiarity to answer the question of whether or not hippocampal lesions affect familiarity, a better approach is to test predictions that hold regardless of whether one adopts the assumption of independence or dependence (or anything in between). We tested one such prediction here. We found that high-confidence K responses were not nearly as frequent in patients as they should have been if recollection were selectively impaired (and familiarity preserved).
This same finding has also been obtained in a different way using a source memory procedure (19) . Participants studied 25 words; then, in a recognition test, they made confidence judgments ranging from 1 to 6 for 25 old words and 25 new words (1 = definitely new, 6 = definitely old). For words declared old (confidence ratings of 4-6), they also answered a source question (Was the word studied with instructions to form an indoor image or an outdoor image?). If recollection were selectively impaired, patients should have experienced high-confidence familiarity (old/new judgments made correctly with high confidence) as often as controls, but this experience of familiarity should usually not have been accompanied by successful recollection (correct source judgments). As a result, high-confidence familiarity judgments without source recollection should have occurred more frequently in patients than in controls. Contrary to this expectation, the frequency of high-confidence familiarity judgments in the absence of source recollection was less common in patients than it was in controls.
The present findings, together with these earlier results (19) , provide evidence that hippocampal lesions impair familiarity as well as recollection. Recollection and familiarity are identifiable psychological constructs that are useful for understanding the nature of recognition memory. However, this distinction does not appear to illuminate the function of the hippocampus. Instead, as discussed elsewhere, findings from neuroanatomy and neurophysiology are more likely to inform the functional organization of structures within the medial temporal lobe (20) .
Materials and Methods
Participants. Five memory-impaired patients participated (Table 1 ). All the patients had moderately severe memory impairment. On immediate and delayed (12 min) recall of a short prose passage, they recalled 3.8 and 0.4 segments, respectively. Controls recalled 7.9 and 6.6 segments, respectively. K. E. became amnesic in 2004 after an episode of ischemia associated with kidney failure and toxic shock syndrome. L.J. (the only female) became amnesic in 1988 during a 6-mo period with no known precipitating event. Her memory impairment has been stable since that time. Patients G.W. and R.S. became amnesic in 2001 and 1998, respectively, following a drug overdose and associated respiratory failure. J.R.W. became amnesic in 1990 after cardiac arrest. Estimates of medial temporal damage were based on quantitative analysis of MRI scans and either 19 controls (for the four male patients) or 11 controls (for L.J.) (21, 22) . K.E., L.J., R.S., G.W., and J.R.W. have an average bilateral reduction in hippocampal volume of 49%, 46%, 33%, 48%, and 44%, respectively (all values >3 SDs from the control mean). On the basis of two patients (L.M. and W.H.) with similar bilateral volume loss in the hippocampus for whom detailed postmortem histological analysis was available (23) , this degree of volume loss likely reflects nearly complete loss of hippocampal neurons (as also discussed in ref. 21) . The volume of the parahippocampal gyrus is reduced by 17%, −8%, 1%, 12%, and 6%, respectively (all values within 2 SDs of the controls' mean). Nine coronal MRI scans for each patient, together with detailed descriptions of the lesions, are available elsewhere (24) .
The control group consisted of 14 adults (10 male) averaging 62.8 ± 2.7 y of age and 14.4 ± 0.5 y of education.
Materials and Procedure. The stimuli were 200 nouns from the Toronto Word Pool (25) , with a mean frequency of 61 (range: 1-712), a mean imagery rating of 5.1 (range: 1-7), and a mean concreteness rating of 5.3 (range: 1-7). Half of the words were assigned to the study list, and half of the words served as foils for the recognition test. Words were presented on a computer screen at both the study and test. The assignment of words as targets or foils was counterbalanced across participants.
During study, participants made a pleasant/unpleasant judgment on the keyboard for each of the 100 study words (2.5-s presentation time). A central cross was presented during each intertrial interval of 0.25 s (total study session = 5 min). The study session was divided into two equal blocks of 50 trials with a short break between blocks. Participants were asked to remember the target words for a subsequent memory test.
Following the study session (about 3−5 min), participants saw a mixed list of the 100 target words and 100 foil words. For each word, participants made a self-paced old/new recognition judgment using a 20-point scale, where 1 = definitely new and 20 = definitely old (total test session was about 20 min). Participants were instructed to use the entire scale. For words declared old (ratings of [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , participants also judged whether the word was recollected, was familiar, or was a guess, following a Remember-KnowGuess procedure (9, 26) . The modified instructions emphasized that participants should use the R response only if they could actually describe specific details about the experience of studying the word. They were told that they should use the K response if they thought the word was familiar but could not recollect any details of their encounter with the word.
Data Analysis. The frequency of correct high-confidence K responses (ratings of [17] [18] [19] [20] given by patients was compared with predicted values based on the proposal that hippocampal damage selectively impairs recollection and spares familiarity. Two different predicted values were calculated. At one extreme, one assumes that all R responses are potentially high-confidence K responses (the assumption of complete dependence). Using this assumption, we first estimated how many high-confidence K responses the controls would have given if their capacity for recollection were reduced to the same extent as it was in the patients. Thus, we subtracted each patient's R response frequency from the mean R response frequency in controls. This subtraction yielded the number of R responses that would be lost by controls if their capacity for recollection were the same as in the patients. All these R responses are potentially high-confidence K responses under the assumption of complete dependence. Accordingly, these R responses were added to the mean number of high-confidence K responses actually observed in controls. The resulting number then represents the number of high-confidence K responses predicted for a given patient (because the patients are, theoretically, exactly like controls who have had recollection selectively reduced). The formula is: nK predicted for a patient ¼ nK controls þ ðnR controls − nR patient Þ; where the notation nK or nR indicates the number of high-confidence K or R responses and upper bars indicate mean values. For example, if recollection were completely eliminated in the patients, such that nR patient = 0 for all patients, high-confidence Know judgments for the patients would be predicted to increase by an amount equal to the mean number of Remember judgments provided by the controls. Note that for our patients, R responses were reduced but they were not completely eliminated.
At the opposite extreme to the assumption of complete dependence, one assumes complete independence between recollection and familiarity (and between Remember and Know judgments). According to this idea, if recollection were absent, some (but not all) R responses are potentially highconfidence K responses. Specifically, the proportion of control R responses that are potential K responses is the same as the observed proportion of highconfidence K responses (as opposed to guesses or misses) that were made by controls for all target items that did not receive an R response. Again, we first calculated how many high-confidence K responses the controls would have given if their capacity for recollection were reduced to the same extent as in the patients. To make this determination, we subtracted each patient's R response frequency from the mean R response frequency in controls. The number of R responses made by controls that would become high-confidence K responses under the assumption of independence was then added to the mean number of high-confidence K responses actually observed in controls. The predicted frequency of high-confidence K responses in patients under the assumption of independence is as follows: when the Remember hit rate for patients is zero, this formula reduces to the standard formula for calculating K response frequency under independence. These two predicted values represent two extreme estimates based on the assumptions of complete dependence and complete independence. In reality, the relationship between recollection and familiarity is likely neither completely dependent nor completely independent, and the predicted value for the frequency of Know judgments in the patient group is probably intermediate between the two calculated values.
